Galaxy" with two heads (Adams, 1979). We have also characterized (Adler et al., 1996; L. K. and A. R. K., unpublished observations). retained the JAK nomenclature used for classifying the amino-and carboxy-terminal kinase domains as DII and
To determine whether each kinase domain of ZAK1 was catalytically active, we expressed GST-ZAK1 fu-DI, respectively.
Kinase subdomain VIb is a critical region for classifysions in E. coli for full-length (GST-ZAK1-FL), N-terminal kinase domain II (GST-ZAK1-DII) and C-terminal kinase ing potential kinases as either serine/threonine-or tyrosine-specific (Taylor et al., 1995). The carboxy-terminal domain I (GST-ZAK1-DI) proteins (Figure 1
. The recombinant proteins were purified using glutathione beads DI kinase domains of both ZAK1 and Jak3 (see Figure  1 ) match exactly the consensus for PTKs. Although the and immunoblotted with a phosphotyrosine-specific antibody (␣-pTyr). Only the GST-ZAK1-FL and GST-ZAK1-amino-terminal DII kinase domain of the JAKs lacks many essential amino acid residues and is best de-DI, but not GST-ZAK1-DII, were reactive, despite equivalent loading of the GST fusion proteins ( Figure 1A plasmodium or migrating slug ‫51ف(‬ hr; see Figure 3B ). The prespore cells represent the primary cell population at the base of the mound and the posterior region of slugs have an initial normal appearance but migrate the slug, although the minor prestalk B population is for extended periods and are delayed in culmination, interspersed among the prespore cells. At terminal difeventually forming deranged structures that lack semferentiation, culmination ‫02ف(‬ hr), the slug becomes blance to terminally differentiated, wild-type fruiting morphogenically transformed into a fruiting body ‫42ف(‬ bodies. Fruiting body-like structures are observed at a hr; see Figure 3B ) of mature stalk and spore cells. low frequency (Ͻ5%) during development on filter pads, ZAK1 mRNA is not detected during growth phase but these lacked mature spores (L. K. and A. R. K., (Figure 2A ). ZAK1 mRNA is induced by 5 hr of developunpublished observations). ment during aggregation, reaching an expression peak
The failure of zak1-nulls to form spores during develat the slug stage (15 hr). Immunoprecipitable ZAK1-speopment was further confirmed by an in vivo assay in cific kinase activity is not detectable above background monolayer cell culture, where differentiation proceeds in growing cells. ZAK1 kinase activity reaches its maxiin the absence of cell contact but is dependent upon mum at ‫01ف‬ hr of development, coincident with mound exogenous signals (e.g., 8Br-cAMP; see Kay, 1987) . formation and the differentiation of prestalk and preEven under these conditions, the zak1-nulls sporulated spore cells (Figure 2B ), although ZAK1 protein levels very inefficiently. This phenotype is similar to that of appear constant from 5 hr onward ( Figure 2C ). These gsk3-nulls (in Dictyostelium, GSK3 is encoded by gene data suggest a possible activation pathway for ZAK1 gskA) and car3-nulls ( Figure 4A ), strains that exhibit a during development, perhaps correlated with changes known defect in the prespore/spore differentiation pathin cell-cell signaling (see below).
way (Harwood et al., 1995; Plyte et al., 1999).
To determine whether ZAK1 was involved in the same pathway for spore differentiation as GSK3, we examined Developmental Function of ZAK1: a ZAK1/GSK3 Activating Pathway for Prespore/ their roles in the regulation of prespore gene expression during development. zak1-nulls had significantly reSpore Differentiation To study the function of ZAK1 during Dictyostelium deduced levels of prespore-specific cotB mRNA during development on solid substrate ( Figure 4B ) or during velopment, we created a gene disruption within the DI kinase region by homologous recombination. Ten indedifferentiation in shaking culture with cAMP (data not shown), again similar to that of gsk3-nulls (Harwood et pendent ZAK1-disrupted cell clones were isolated that showed no evidence of ZAK1-specific mRNA, kinase al., 1995). Moreover, prespore cotB gene expression levels could be rescued in the zak1-nulls by reexpresactivity, or of a truncated protein species ( Figure 3A) . All of the isolates exhibited identical phenotypes. zak1-sion of FLAG-tagged ZAK1 from the prespore cotB promoter; as expected, since ZAK1 was reexpressed using nulls grow normally, aggregate with wild-type kinetics, but effectively arrest as slugs when developed on bactethe cotB promoter, the timing of cotB induction was identical to that of the zak1-nulls. However, this same rial lawns or on nutrient-free agar ( Figure 3B ). zak1-null cotB/ZAK1 construct was unable to increase the refurther studied by monitoring cAMP-sensitive prestalk ecmB gene expression ( Figure 5B ). Cells were develduced levels of prespore cotB expression in gsk3-null cells ( Figure 4B ). These data suggest that tyrosine kioped to the mound stage, dissociated, and differentiated in shaking culture in the presence or absence of nase ZAK1 lies upstream in an activation pathway for prespore/spore differentiation that is dependent upon DIF-1 and/or cAMP (see Harwood et al., 1995) . For all of these cell lines, prestalk ecmB gene expression was protein kinase GSK3.
induced by DIF-1 alone. As with stalk differentiation, ecmB induction is significantly attenuated in wild-type A ZAK1/GSK3 Pathway that Inhibits Prestalk/Stalk Differentiation cells by exogenous cAMP, but not in gsk3-nulls or in zak1-nulls, indicating that both GSK3 and ZAK1 have Although GSK3 is required to activate spore differentiation, it plays an inhibitory role for the other major cell inhibitory functions for stalk differentiation that are mediated by cAMP ( Figure 5B ). In contrast, no differences type pathway, stalk formation. Stalk formation can also be monitored in monolayer culture in the absence of in expression were observed between wild-type and zak1-null cells for the cAMP-insensitive gene ecmA cell contact. Under these conditions, wild-type stalk cell differentiation is activated by DIF-1, a chlorinated hexa-(data not shown). Consistent with a function of ZAK1 to inhibit stalk differentiation, reexpression of ZAK1 with phenone, but is inhibited by cAMP (see Kay, 1987 ; Figure  5A ). The inhibition by cAMP is absent in cells that lack the ecmB promoter repressed prestalk ecmB expression in zak1-nulls during development ( Figure 5C ). Since, GSK3 (Harwood et al., 1995). Likewise, while stalk cell differentiation was induced by DIF-1 in zak1-nulls (at no repression of prestalk ecmB by overexpression of ZAK1 is observed in gsk3-nulls, the inhibitory role for levels below wild-type), this was completely insensitive to inhibition by cAMP ( Figure 5A ) demonstrate a requirement for the CAR3 subtype in GSK3 activation and in GSK3-mediated induction of sporulation and repression of stalk formation. Since zak1-null cells exhibit similar spore and stalk defects to gsk3-nulls and car3-nulls and since ZAK1 appears to act genetically upstream of GSK3, we were interested to ascertain whether ZAK1 were in the same CAR3-and GSK3-mediated signaling pathway for cell fate determination.
To examine biochemically whether ZAK1 functioned upstream of GSK3, we measured GSK3 kinase activity during the development of wild-type and zak1-nulls. Both wild-type and zak1-nulls had equivalent GSK3-specific activities during the first 5 hr of development. In agreement with previously published data (Plyte et al., 1999), wild-type cells exhibited a doubling of GSK3-specific activity during 5 to 10 hr of development ( Figure  6A ), which temporally paralleled ZAK1 activation (see Figure 2B ). In contrast, GSK3-specific activity in zak1-nulls increased only ‫%03ف‬ during this same period, despite the equivalent levels of GSK3 protein in wildtype and zak1-null strains ( Figure 6B ). We later observed lated activation of GSK3 in Dictyostelium (Plyte et al., 1999), ZAK1 may serve to mediate the CAR3 activation we do not currently understand the apparent reduction signal for GSK3 regulation of cell patterning. Indeed, in ecmB mRNA levels in zak1-nulls; it may be related although zak1-nulls express normal levels of CAR3 (data to the complexity of the endogenous ecmB promoter, not shown), they failed to exhibit cAMP-mediated activainvolving cell type-specific activating and inhibiting eletion of GSK3 in differentiating cultures ( Figure 6C ). To ments, to the failure of zak1-nulls to culminate, and/or directly examine the role of ZAK1 as the intermediary to potential pleiotropic effects of ZAK1 function.
for CAR3 regulation of GSK3, we developed wild-type To clarify the regulation of ecmB expression further, and car3-null cells that expressed FLAG-tagged ZAK1 we followed its spatial expression pattern using an in prespore cells (see Figure 4B ) and compared ZAK1-ecmB/lacZ reporter and the cytological staining of specific kinase activity levels following stimulation with marked wild-type and zak1-nulls. As previously shown, cAMP. As seen in Figure 6D , ZAK1 activity was stimuwild-type cells have extremely weak and heterogenous lated to two-fold by cAMP in wild-type controls (and in ecmB-directed ␤-galactosidase expression, with the zak1-nulls; data not shown), but we routinely see only noted poor expression in the anterior zone of the tipped a marginal activation (Ͻ25%) of ZAK1 in car3-nulls, permound and of the slug. In contrast, the expression pathaps related to the presence of CAR1 in car3-nulls (see tern of ecmB/lacZ is largely expanded in gsk3-nulls (HarPlyte et al., 1999). These data suggest that CAR3-mediwood et al., 1995). In zak1-nulls, ecmB/lacZ expression ated activation of ZAK1 by cAMP is required to fully was also derepressed in the anterior of the slug, and activate GSK3 and are consistent with the activity profile strong staining was additionally observed in a manner of ZAK1 during development (see Figure 2B) ability of car3-nulls to form fruiting body-like structures site on GSK3 is distinct from its autophosphorylation site (see Figure 7A ). at delayed kinetics (Plyte et al., 1999) , and the suggested role of CAR1 in prespore differentiation (Ginsburg and To determine whether GSK3 was activated in response to phosphorylation by ZAK1, GSK3␤ was preinKimmel, 1997; Verkerke-Van Wijk et al., 1998). This would also be consistent with the observed morphologicubated with unlabeled ATP, 10 mM Mn 2ϩ , and purified GST or GST-ZAK-DI; the GST fusion proteins were recal differences among the car3-null, zak1-null, and gsk3-null strains. Figure 7C ). Identi-14 of 16 tyrosine residues of Dictyostelium GSK3 are cal results for tyrosine phosphorylation and activation conserved in mammalian GSK3␤, we tested whether of GSK3␤ in vitro were obtained using GST-ZAK1-FL purified GST-ZAK1-DI and GST-ZAK1-FL would phos-(L. K. and A. R. K., unpublished observations). Thus, phorylate and activate recombinant rabbit GSK3␤ in ZAK1 can phosphorylate directly and consequently activitro. 10 mM Mn 2ϩ is inhibitory for GSK3␤ (Wang et vate GSK3. al., 1994) but is optimal for ZAK1 activity. Under these conditions, GSK3␤ has only limited tyrosine autophosphorylation, and tyrosine phosphorylation was greatly Discussion augmented by Dictyostelium ZAK1-DI (Figure 7A ), confirming GSK3␤ as a PTK substrate for ZAK1. FurtherWe have characterized the novel, nonreceptor protein tyrosine kinase ZAK1 and identified a target substrate, more, the ability of ZAK1 to phosphorylate GSK3␤ that had been preautophosphorylated to saturation (with un-GSK3, a protein kinase essential for cAMP-directed body axis formation in Dictyostelium (Harwood et al., labeled ATP) suggests that the ZAK1 phosphorylation ZAK1 function as an activating GSK3 kinase may yet provide novel insight into conserved regulatory mechanisms that establish embryonic body plans in diverse metazoa. The morphogen-mediated activation of ZAK1 leading to the phosphorylation and activation of GSK3 defines a novel pathway that regulates a component essential for Dictyostelium development, Wnt/wg 7-TM receptor signaling, and tumor suppression, although an activating pathway for GSK3 contrasts with the current paradigm for a constitutively active enzyme under negative control by Wnt/wg signaling (Moon and Kimmelman, 1998; Shulman et al., 1998; Nusse, 1999). While active GSK3 in concert with APC, slimb/TrCP, and axin/conductin is suggested to destabilize cytosolic ␤-catenin protein levels, thereby inhibiting ␤-catenin-dependent gene expression, it must also be emphasized that not all Wnt cell specification pathways can be explained directly through inhibition of GSK3 and activation of ␤-catenin-dependent pathways (e.g., see Torres et al., 1996) . Our report provides evidence for an activation pathway for GSK3 in the context of receptor stimulation process that did not require a productive interaction
